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DNA  polymerase   (pol ) is best characterized  for its  ability  to perform  accurate  and  efﬁcient  transle-
sion  DNA synthesis  (TLS)  through  cyclobutane  pyrimidine  dimers  (CPDs).  To ensure  accurate  bypass  the
polymerase  is  not  only  required  to select  the  correct  base,  but  also discriminate  between  NTPs  and  dNTPs.
Most  DNA  polymerases  have  a conserved  “steric  gate”  residue  which  functions  to  prevent  incorporation
of  NMPs  during  DNA synthesis.  Here,  we  demonstrate  that  the  Phe35  residue  of Saccharomyces  cerevisiae
pol    functions  as  a steric  gate  to limit  the use  of  ribonucleotides  during  polymerization  both  in vitro  and
in  vivo.  Unlike  the  related  pol   enzyme,  wild-type  pol   does  not  readily  incorporate  NMPs  in vitro.  In
contrast,  a  pol    F35A  mutant  incorporates  NMPs  on  both  damaged  and  undamaged  DNA  in vitro  with
a  high  degree  of  base  selectivity.  An S.cerevisiae  strain  expressing  pol   F35A  (rad30-F35A)  that  is also
deﬁcient  for  nucleotide  excision  repair  (rad1)  and  the TLS  polymerase,  pol    (rev3),  is  extremely  sen-
sitive  to UV-light.  The  sensitivity  is  due,  in  part,  to  RNase  H2  activity,  as  an  isogenic  rnh201  strain  is
roughly  50-fold  more  UV-resistant  than  its  RNH201+ counterpart.  Interestingly  the  rad1  rev3  rad30-
F35A  rnh201  strain  exhibits  a signiﬁcant  increase  in  the  extent  of  spontaneous  mutagenesis  with  a
spectrum  dominated  by  1  bp deletions  at runs  of  template  Ts.  We  hypothesize  that  the  increased  muta-
genesis  is  due  to rA incorporation  at these  sites  and  that  the  short  poly  rA  tract  is subsequently  repaired
in  an  error-prone  manner  by  a  novel  repair  pathway  that is speciﬁcally  targeted  to  polyribonucleotide
tracks.  These  data  indicate  that  under  certain  conditions,  pol  can compete  with  the  cell’s  replicases
and  gain  access  to undamaged  genomic  DNA.  Such  observations  are  consistent  with  a role  for  pol    in
replicating  common  fragile  sites  (CFS)  in human  cells.
Published  by Elsevier  B.V.  This  is an  open  access  article  under  the  CC  BY-NC-ND  license  (http://. Introduction
Maintenance of genomic integrity depends on the ability of cells
o repair high levels of DNA damage that occur daily. Numerous
NA repair processes have evolved to contend with this damage,
ut persistent unrepaired lesions encountered by the replication
ork can lead to replication stalling and ultimately, to fork collapse
Abbreviations: pol, polymerase; TLS, translesion DNA synthesis; RER,
ibonucleotide excision repair; dNTP, deoxyribonucleoside triphosphate; NTP,
ibonucleoside triphosphate; dNMP, deoxyribonucleoside monophosphate; NMP,
ibonucleoside monophosphate; RNase H2, ribonuclease H2; CFS, common fragile
ites; CPDs, cyclobutane pyrimidine dimers; rA, adenosine mono phosphate.
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E-mail address: woodgate@nih.gov (R. Woodgate).
1 Considered joint ﬁrst authors.
ttp://dx.doi.org/10.1016/j.dnarep.2015.07.002
568-7864/Published by Elsevier B.V. This is an open access article under the CC BY-NC-Ncreativecommons.org/licenses/by-nc-nd/4.0/).
and double strand breaks. To circumvent these devastating out-
comes, cells can switch to using specialized polymerases that are
capable of bypassing a variety of DNA lesions through a process
commonly called “Translesion DNA Synthesis” (TLS) [1,2]. After the
lesion has been bypassed, the TLS polymerase may synthesize a
few additional nucleotides before dissociating to allow the replica-
tive polymerase to continue genome duplication with high ﬁdelity.
While TLS allows cells to avoid the immediate consequences of
fork stalling, this often comes at the price of mutagenesis. TLS is
an error-prone process, as TLS polymerases generally exhibit low
ﬁdelity when replicating undamaged DNA [3–5]. The best charac-
terized TLS polymerases belong to the Y-family of DNA polymerases
[6]. They lack intrinsic exonuclease activity and are characterized
by spacious active sites that accommodate DNA lesions and may
facilitate misincorporations on undamaged DNA  [7–9].
D license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The Y-family DNA polymerase, pol  plays a critical role in
he tolerance of cyclobutane pyrimidine dimers induced by UV
adiation [10]. While pol  exhibits extremely low-ﬁdelity on
ndamaged DNA, it bypasses thymidine dimers with relatively
igh ﬁdelity by inserting dAMP and extending beyond the lesion
4,11]. No other DNA polymerase has been shown to be as capa-
le of accurate and efﬁcient bypass of these lesions, presumably
ue to their extremely bulky and distorted structure. Given pol ’s
mportant role in lesion bypass and its low ﬁdelity on undamaged
NA, its expression and access to DNA must be tightly controlled.
n humans, a deﬁciency in pol  function leads to a variant form
f the cancer-prone syndrome Xeroderma Pigmentosum, and up-
egulation of pol  in tumors has been linked to chemotherapeutic
rug resistance [12,13]. Saccharomyces cerevisiae pol , which is
ncoded by the RAD30 gene, has been shown to be solely respon-
ible for bypassing T-T CPDs [14] and deletion of RAD30 sensitizes
ells to UV radiation [15,16].
In addition to its role in TLS after UV damage, pol  has been
ecently implicated in DNA synthesis through natural replication
arriers that create replication stress during S phase genomic dupli-
ation [17]. Replication forks stall at chromosomal common fragile
ites (CFS), including non-B DNA structures, regions of mononu-
leotides repeats and low complexity A–T rich sequences [18].
t these sites, pol  replaces the replicative polymerases thereby
voiding genome instability associated with under-replicated DNA
egions.
Given the crucial role of pol  in TLS and replication through
FS, it is important to determine not only its ﬁdelity in base
election, but also in dNTP/NTP discrimination, the ability of the
nzyme to select the correct dNTP from a nucleotide pool domi-
ated by NTPs [19,20]. Incorporation of NMPs into DNA can lead to
trand breaks and ultimately, genomic instability. Mechanisms for
MP removal from genomic DNA, termed ribonucleotide excision
epair (RER), have been described in both prokaryotes and eukary-
tes [21,22]. In eukaryotes, RER is initiated by RNase H2 nicking
f the DNA backbone at the site of NMP  incorporation, followed
y strand displacement DNA synthesis [23]. RNase H2 knockout
nd hypomorphic mouse embryos exhibit extremely high levels of
ibonucleotides in genomic DNA, which leads to early embryonic
ethality [24,25]. An alternative, minor pathway of ribonucleotide
xcision repair initiated by Topoisomerase I has been described for
east [26,27]. In cells lacking RNase H2, Top1-catalyzed nicking at
ingle NMPs embedded within DNA results in 2–5 base pair dele-
ions within short tandem repeats and leads to replication stress
nd genome instability [26].
Many DNA polymerases have an aromatic residue in their active
ite that is positioned to clash sterically with the NTP’s 2′ hydroxyl
roup [28] . The effectiveness of the steric gate varies among poly-
erases. We  have previously identiﬁed critical steric gate residues
n Escherichia coli pol V (Y11) and human pol  (Y39) [29–31].
ild-type pol V and pol  will readily incorporate NMPs opposite
ndamaged DNA, and elimination of the steric gate in both enzymes
arkedly increases their capacity to incorporate NMPs.
In this study, we sought to determine the basis for ribonu-
leotide discrimination by the TLS polymerase pol  and the cellular
onsequences of pol -mediated ribonucleotide incorporation in
. cerevisiae. We  found that wild-type pol  has a minimal ability
o incorporate ribonucleotides on damaged or undamaged DNA,
ut an F35A steric gate mutant readily incorporates the correct
ibonucleotide opposite both undamaged and damaged DNA. We
valuated the biological consequences of an F35A substitution in
ol  by assaying UV-sensitivity and spontaneous mutagenesis
n the CAN1 gene in a yeast strain deﬁcient for nucleotide exci-
ion repair (NER) and the TLS polymerase pol , in the presence or
bsence of RNase H2. We  found that pol  F35A cells are extremely
ensitive to UV radiation and that disruption of RER due to dele-pair 35 (2015) 1–12
tion of the rnh201 gene improves UV-survival considerably, but at
the same time signiﬁcantly increases the overall level of sponta-
neous mutagenesis. In this background, we  observed a unique one
base pair deletion mutation signature in a stretch of T nucleotides
in the CAN1 gene, which we  hypothesize results from error-prone
processing of multiple ribonucleotides incorporated by pol  F35A
during regular genome duplication.
2. Materials and methods
2.1. Materials
Ultrapure NTPs were purchased from GE Healthcare (Piscat-
away, NJ) and dNTPs were purchased from Roche (Indianapolis, IN).
All oligonucleotides were synthesized by Lofstrand Laboratories
(Gaithersburg, MD)  and gel-puriﬁed prior to use.
2.2. DNA substrate preparation
Primer oligonucleotides were 5′ radiolabeled with 32P by
Lofstrand Laboratories. Annealing reactions included 100 nM of
radiolabeled primer and 200 nM of unlabelled template in 50 mM
Tris–HCl pH 8.0, 5 mM NaCl, 50 g/ml bovine serum albumin and
1.42 mM 2-mercaptoethanol. Reactions were heated at 95 ◦C for
5 min, followed by slowly cooling to room temperature over sev-
eral hours. The DNA substrates used in this study are shown in
Table 1.
2.3. Proteins
Wild-type S. cerevisiae pol  was purchased from Enzymax (Lex-
ington, KY) and provided at a concentration of 50 ng/l. The gene
for the full-length pol  F35A variant was codon optimized for opti-
mal  expression in E. coli and synthesized by Genscript (Piscataway,
NJ). The full-length rad30-F35A gene was  subsequently sub-cloned
as a SalI-HindIII fragment into a proprietary E. coli expression vec-
tor (Enzymax). The pol  F35A protein was  expressed and puriﬁed
by scientists at Enzymax as a custom service and was  provided as
aliquots ranging in concentration from 30 to 500 ng/l. Based upon
Coomassie blue staining, the preparation of pol  F35A protein is
estimated to be greater than 95% pure.
2.4. Primer extension reactions
Standard reaction mixtures (10 l) contained 70 nm pol ,
10 nm of radiolabeled DNA substrate, 100 M nucleotide(s) in 1×
reaction buffer (2 mM MgCl2, 50 mM NaCl, 40 mm Tris–HCl pH 8.0,
10 mM dithiothreitol, 250 g/ml bovine serum albumin, 2.5% glyc-
erol). All DNA substrates were conﬁrmed to be >95% annealed by
incubating with wild-type pol  and 100 M of all four dNTPs.
The reactions were incubated at 30 ◦C for 10 min  and quenched
by the addition of 10 l of 95% formamide, 10 mM EDTA solution.
The samples were heated to 100 ◦C for 5 min  and resolved on an
18% polyacrylamide, 8 M urea gel. Reaction products were visu-
alized and quantiﬁed using a Fuji FLA-5100 Phosphorimager and
ImageGauge software.
2.5. Electrophoretic mobility shift assays
The DNA binding constant (KD(DNA)) for pol  F35A was deter-
mined by a gel electrophoretic mobility shift assay as described
with modiﬁcations [29]. Serial dilutions of the F35A enzyme rang-
ing from 0.1 nM to 1 M were incubated with radiolabeled DNA
substrate (0.2 nM)  in binding buffer (10 mM Tris-HCl pH 7.6, 2 mM
MgCl2, 50 mM NaCl, 10% glycerol, 0.1% IGEPAL) for 20 min  at 30 ◦C.
Samples were loaded onto a 6% Native TAE PAGE gel that had been
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Table  1
DNA substrates used in this study.
DNA Substrate DNA Sequence
Template A 5′-CGATGGTACGGACGTGCTT
3′-GCTACCATGCCTGCACGAAATGAGCAATTAGTA
Template C 5′-CGATGGTACGGACGTGCTT
3′-GCTACCATGCCTGCACGAACATGGCAATTAGTA
Template G 5′-CGATGGTACGGACGTGCTT
3′-GCTACCATGCCTGCACGAAGATGGCAATTAGTA
Template T 5′-CGATGGTACGGACGTGCTT
3′-GCTACCATGCCTGCACGAATTAAGCAATTAGTAATCATGGTCATAGCT
Template TT dimer 5′-CGATGGTACGGACGTGCTT
3′-GCTACCATGCCTGCACGAATTAAGCAATTAGTAATCATGGTCATAGCT
RiboA primer 5′-CGATGGTACGGACGTGCTTAr
3′-GCTACCATGCCTGCACGAATCGAGCAATTAGTA
Hot-spot 5′- GCCTGTGATAATTACCC
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Table 2
S. cerevisiae strains used in this study.
Strain Genotype Source
C23-9A MAT˛W303 CAN1 This study
T289 MAT˛W303 CAN1
rad30-F35A::pJM1041::RAD30
This study
M60  MAT˛W303 CAN1 rad30-F35A This study
SMC306 MATaW303 can1-100 sgs1::HIS3
rnh201::klURA3, Hyg Gal1-l-Scel
[48]
SMC310 MATa W303 can1-100 sgs1::HIS3
rnh201-P45D Y219A
[48]
SMC306 MATaW303 can1-100 rad1::LEU2
rev3::HisG::URA3 rad30::HIS3
This study
C24-10A W303 CAN1 rad1::LEU2
rev3::HisG::URA3 rad30-F35A
This study
C47 W303 CAN1 rad1::LEU2
rev3::HisG::URA3 rad30-F35A
This study
rnh201-P45D Y219A This study
C50 W303 CAN1 rad1::LEU2
rev3::HisG::URA3 rad30-F35A
This study
rnh201::klURA3, Hyg
C54 W303 CAN1 rad1::LEU2
rev3::HisG::URA3 rnh201::klURA3, Hyg
This study
C57 W303 CAN1 rad1::LEU2
rev3::HisG::URA3
This study
C57 W303 CAN1 rad1::LEU2
rev3::HisG::URA3 rad30::HIS3
This study
C58 W303 CAN1 rad1::LEU2
rev3::HisG::URA3 rad30::HIS3
This study
rnh201::klURA3, Hyg
All strains are isogenic to the W303 RAD5 wild-type strain W1588 and the genotypes
are  identical to W1588 except where noted. Strains designated only by a C numberprimer/template 3′-GCCCGGACACTATTAATGGG
arget template residues are highlighted in bold font.
re-run at 100 V at 4 ◦C for one hour. Gels were run at 100 V for
–5 h at 4 ◦C, then dried and exposed to phosphorimager screen.
eaction products were visualized using a Fuji image analyzer FLA-
100. The fraction of bound DNA relative to total DNA quantiﬁed
sing ImageQuant software was plotted as a function of protein
oncentration and the DNA binding constant was  determined by
tting data to the following equation:
 = m [protein]
[protein] + KD(DNA)
+ b
here Y is the amount of bound protein, m is a scaling factor and b
s the apparent minimum Y value [32].
.6. Yeast strains
All yeast strains used in this study are derivatives of W303 car-
ying the corrected RAD5 wild-type gene (W1588 derivatives [14])
nd are listed in Table 2. Methods for mating, diploid selection,
porulation and tetrad dissection have been previously described
33]. Yeast transformations were also performed as previously
escribed [34,35]. Transformants were streaked puriﬁed on appro-
riate omission medium obtained from MP  Biomedicals, LLC (Solon,
H) and single colonies were picked for further analysis.
A 401 bp DNA fragment synthesized by Genscript (Piscataway,
J) containing the rad30-F35A (F35 (TTT) to A35 (GCT)) substitution,
arked with a novel FspI site, was cloned into a pRS415-derivative,
JM131, from StuI to BsgI to generate plasmid pJM1040. pJM1040
arbors ∼2.7 kb of DNA encompassing the yeast RAD30 gene includ-
ng upstream and downstream sequences. An approximately 1.2 kb
agI to BglII rad30-F35A fragment was subcloned from pJM1040 into
RS406 from EagI to BamHI  to generate pJM1041. Plasmid pJM1041
as linearized by digestion with BsaBI to target its integration into
he RAD30 locus during transformation into strain C23-9A (Table 2).
ransformants were selected on uracil omission agar plates. After
treak purifying transformants, colony PCR analysis was performed
sing primers ScRAD30 F-25 5′ AGG CCT GCT CAT TTT TGA AC
′ and ScRAD30 R338 5’ TAT CTG CTT TGC AGG ATC CT 3′ which
mpliﬁes a 401 bp fragment surrounding the RAD30 F35 codon.
leavage of this fragment with FspI  resulting in a 149 bp and a
52 bp fragments indicates the presence of the rad30-  F35A allele.
ne transformant, T289, which was shown by this analysis to har-
or both the RAD30 wild-type and the rad30-F35A alleles, was used
or further manipulation. T289 was subsequently plated on media
ontaining 5-ﬂuoroorotic acid (5FOA) to select for the loss of the
ntegrated pJM1041 plasmid, a “pop-out recombinant”, and the
etention of only a single allele of RAD30.  Again, colony PCR anal-
sis was utilized to identify the M60  “pop-out” that retained just
he rad30-F35A allele.represent haploid segregants from genetic crosses. Multiple haploid segregants with
identical genotypes (except mating type) were used from each cross. C number and
relevant genotype are listed only once to designate all segregants used.
2.7. CAN1 forward mutation assay
To isolate canavanine-resistant (CanR) mutants, strains were
streaked to obtain single colonies on YPD plates and grown for
2–3 days at 30 ◦C. Liquid cultures were then started in YPD
media from the individual colonies and grown to stationary
phase. To determine mutation rates, a total of at least 22 con-
centrated saturated cultures from each strain were spread on
synthetic omission medium lacking arginine and supplemented
with 60 g/ml canavanine or, after appropriate dilutions, on YPD
medium for viable counts and incubated for 3 to 5 days at 30 ◦C
to allow for colony formation. Spontaneous mutation rates were
measured by ﬂuctuations analysis as described [36], using the
ﬂuctuation Analysis CalculatOR (FALCOR) program (http://www.
mitochondria.org/protocols/FALCOR.html) and mutation rates of
speciﬁc mutation types were calculated by multiplying the pro-
portion of each mutation type by the total mutation rate. To
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uantify individual mutation types, one CanR mutant was  randomly
icked from each plate for DNA sequence analysis. Total yeast
NA was isolated from the CanR mutants using the MasterPureTM
east DNA Puriﬁcation Kit (Epicentre). A 1.7 kb- region comprising
he entire CAN1 gene was  ampliﬁed by PCR using the following
rimers: BC2750-Forward; 5′-GACGCCGACATAGAGGAGAAGC-3′;
C2753-Reverse; 5′-GGTTCATGATCTTCCCATACAATTGCCTC-3′ and
erculase II Fusion DNA polymerase (Agilent Technologies).
he PCR amplicon was sequenced using primers p538278; 5′-
CATAAATCTGATGTGCGAGATTGA-3′, p538273; 5′-CCTCTTTCAC
GTTTTCTC-3′ and p538521; 5′-TGCCGCCAGTGGAACTTTGT-3’ by
eckman Coulter Genomics (Danvers, MA).
.8. UV sensitivity assay
Yeast strains were grown over-night at 30 ◦C with agitation in
iquid YPD. Fresh cultures were started by diluting the overnight
ultures one-to-ﬁve into fresh YPD liquid. These fresh cultures were
rown at 30 ◦C with agitation for 4 h. A series of one-to-ten serial
ilutions were made of these cultures in sterile deionized water.
ive microliters of each of the dilutions were then spotted in parallel
n two separate YPD agar plates. One of the plates was  subsequently
reated with 1 J/m2 of UV- light (peak wavelength of 254 nm) under
ubdued lighting. The YPD plates were then incubated at 30 ◦C for
wo days before imaging.
. Results
.1. S. cerevisiae pol  F35 residue acts as a steric gate to
iscriminate against ribonucleotide incorporation
To determine pol ’s capacity for the incorporation of NMPs
hen replicating undamaged DNA, we performed primer exten-
ion assays in the presence of each individual nucleotide, or all four
NTPs or NTPs using DNA templates with a target T, A, C, or G. Wild-
ype S. cerevisiae pol  has been shown to exhibit very low ﬁdelity
hen incorporating nucleotides on undamaged DNA [5]. Indeed,
n each DNA template, wild-type pol  very efﬁciently misincor-
orated individual dNMPs (Fig. 1A, C, E and G, lanes 3-6). Consistent
ith previous studies [37], we also observed little mispair exten-
ion by wild-type pol  on undamaged DNA. In contrast to efﬁcient
isinsertion of nucleotides with a wrong base, wild-type pol 
ncorporates only miniscule amounts of nucleotides with a wrong
ugar (Fig. 1A, C, E and G, lanes 7–11). Furthermore, in reactions
ith NTPs, only correctly paired ribonucleotides were inserted at
etectable levels. It should be noted that in some cases, wild-type
ol  still prefers to incorporate dNMPs even when they are present
n reactions in trace amounts as contaminants of NTPs. For example,
s clearly visible from the difference in mobility between oligonu-
leotides with terminal rA and dA, primer extension on template T
n the presence of ATP (Fig. 1A, lane 8), or a mixture of four NTPs
Fig. 1A, lane 7) mostly occurs through the incorporation of dAMP
ather than AMP. The effective exclusion of ribonucleotides by wild-
ype pol  was unexpected, as we had previously observed high
evels of NMP  incorporation by two other TLS polymerases, pol V
nd pol  [29,30]. To evaluate the basis for this efﬁcient sugar dis-
rimination, we  generated a mutant pol  in which the conserved
steric gate” residue [29–31], Phe35, was changed to Ala35 (F35A)
nd the ability of the mutant enzyme to incorporate nucleotides on
ndamaged and T-T CPD containing templates was assayed.
Similar to the steric gate variant of pol  [29] the enzymatic
roperties of the mutant pol  changed considerably (Fig. 1). In
he presence of dNTPs, the most prominent alteration observed
as a decrease in the enzyme’s processivity. When provided with
ll four dNTPs, on all DNA templates tested, pol  F35A extendedpair 35 (2015) 1–12
primers less processively than the wild-type enzyme, as more lad-
dering was  observed and no dominant full-length product band was
formed (c.f. Fig. 1A and B, lanes 2). The weakest extension (based
upon primer utilization) occurred on the template A (Fig. 1F, lane
2). Furthermore, analysis of the product distribution patterns sug-
gests that pol  F35A has more difﬁculty incorporating nucleotides
opposite the template A, which is manifested by the increased band
intensities at positions preceding the target template A (the most
prominent case is the band at the +1 position on the Fig. 1H, lane 2).
In reactions with individual dNTPs (Fig. 1, lanes 3–6), pol  F35A
(Fig. 1B, D, F and H) exhibited a higher degree of base selectiv-
ity compared to wild-type pol  (Fig. 1A, C, E and G). On most
templates, pol  F35A could extend the primer in the presence of
the correct dNTP and misincorporated only very small amounts of
incorrect dNMPs. In the rare instances when a wrong dNMP was
misincorporated, little or no mispair extension was  observed (Fig. 1
B, D, F and H).
As expected, the F35A substitution signiﬁcantly reduced the
sugar selectivity of pol . In most cases, the mutant polymerase
incorporated correctly paired ribonucleotides quite efﬁciently
(Fig. 1B, D, F and H, lanes 8–11). The exception was template T,
where limited misincorporation of GMP  was  observed (Fig. 1B, lane
11). As observed in the presence of dNTPs, the least amount of NMP
incorporation (judged by the amount of unextended primer) was
observed on the template A (Fig. 1F, lanes 7 and 9). Despite the sub-
stantially reduced sugar selectivity, pol  F35A mostly extended the
primers by one nucleotide even when provided with all four NTPs
(Fig. 1B, D, F and H, lanes 7). Although primer extension by 2–3
nucleotides can be seen for all templates, the majority of reactions
were aborted after the ﬁrst NMP  addition. Interestingly, efﬁcient
primer extension following single NMP  incorporation was only
observed on the template T substrate (Fig. 1B), where the major
reaction product was formed by the incorporation of two consecu-
tive rAs opposite the two  template Ts (Fig. 1B, lanes 7 and 8, band
+2). When all four NTPs were added to the reaction mixture (Fig. 1B,
lane 7), primer extension past two Ts is also visible (products above
the major +2 band marked by “[”). These results indicate that pol 
F35A’s capacity to incorporate multiple NMPs is sequence context-
dependent, with runs of T’s being more susceptible to multiple
ribonucleotide incorporation.
3.2. Pol  F35A incorporates both ribonucleotides and
deoxyribonucleotides opposite a T-T CPD
Given the critical role pol  plays in the TLS of pyrimidine dimers,
we evaluated the capacity of wild-type pol  and the F35A variant
to incorporate ribonucleotides opposite CPDs. The sequence con-
text of the template used in these primer extension assays is the
same as in the undamaged template T substrate (Fig. 1A and B),
but with the CPD formed at the T-T sites immediately adjacent
to the 3’ terminus of the primer (Fig. 2). As expected, wild-type
pol  was capable of fully bypassing the dimer when provided all
four dNTPs (Fig. 2A, lane 2). Consistent with previous observations
[38], the ﬁdelity of nucleotide incorporation opposite the T-T-CPD
improved compared to the incorporation opposite undamaged Ts
(c.f. Figs. 1 and 2A, lanes 3–6), but at the same time, the presence of
the lesion facilitated mispair extension, as clearly seen in reactions
with dATP only (Fig. 2A, lane 3). Thus, on undamaged template T, pol
 generated mostly n+2 products with minor mispair extension to
form n+3 products (Fig. 1A, lane 3). However, on the T-T dimer tem-
plate, pol  generated mostly n+4 products, by extending a dA:dA
mispair (Fig. 2A, lane 3). A small amount of n+5 product was even
observed, which resulted from the extension of dA:dA mispairs and
limited misincorporation of dA opposite dG.
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Fig. 1. Removal of Pol ’s steric gate residue confers the ability to incorporate ribonucleotides and increases base selectivity for dNMP incorporation opposite undamaged
DNA.  Incorporation of individual nucleotides by wild-type pol  (A, C, E and G), or pol  F35A (B, D, F and H) on template T (A and B), template G (C and D), template A (E and
F)  and template C (G and H). Sequence contexts are indicated above each panel. Note, analysis of the mobility of products observed with wild-type pol  in the presence of
only  ATP, or all four NTPs, using template T as a substrate (A) suggests that elongation products most likely result from the incorporation of trace amounts of dATP present
in  the ATP preparation, rather than from ribonucleotide incorporation (compare the product distribution pattern in the wild-type pol  lanes with those of pol  F35A in
reactions  with ATP (lane 8) and dATP (lane 3) and corresponding lanes for pol  F35A).
6 K.A. Donigan et al. / DNA Repair 35 (2015) 1–12
F ase d
N corpo
d
w
i
b
(
a
f

m
u
p
s
l
i
g
p
b
F
a
iig. 2. Pol  F35A incorporates AMPs opposite a T-T dimer and exhibits reduced b
MPs  opposite a T-T dimer, but bypasses the damage with dAMP. (B) Pol  F35A in
Ribonucleotide incorporation by wild-type pol  on the T-T
imer- containing template was even lower than that observed
ith the undamaged template (Fig. 2A, lanes 7–11).
The F35A substitution did not signiﬁcantly impair the TLS capac-
ty of pol . Incorporation of the correct dATP opposite the damaged
ases by pol  F35A was as efﬁcient as the wild-type enzyme
Fig. 2A and B, lanes 3). Erroneous extension past the CPD-TT was
lso equally efﬁcient. However, while the wild-type enzyme mainly
ormed an n+4 product, the majority of reactions catalysed by pol
 F35A terminated after a single A:A misincorporation (with the
ajor band formed at the +3 position). Similar to replication on the
ndamaged template, the processivity of primer extension in the
resence of all 4 dNTPs was signiﬁcantly reduced by the steric gate
ubstitution compared to wild type pol  (c.f. Figs. 1 and 2A and B,
anes 2). The only impact of the lesion on replication by pol  F35A
s seen as an increased intensity of the band at the +3 position sug-
esting that in contrast to wild-type pol , the mutant polymerase
auses after bypassing the CPD and extending the bypass product
y one additional nucleotide (c.f. Figs. 1 and 2B, lanes 2).
ig. 3. Both wild-type pol  and pol  F35A can efﬁciently extend a ribonucleotide-term
nd  pol  F35A (B) will readily extend a rAMP-terminated primer. Primer extension assa
ndicated.iscrimination on damaged DNA. (A) Wild-type pol  does not readily incorporate
rates rAMPs opposite a T-T dimer, and exhibits reduced dNMP selectivity.
Another property affected by the identity of the steric gate
residue is the ﬁdelity of TLS, while there is very little effect of
the F35A variant on the base substitution ﬁdelity of dNMP incor-
poration on the undamaged template (Fig. 1A and B, lanes 3–6),
the pattern of dNMP insertion opposite the T-T CPD changes sub-
stantially (Fig. 2, lanes 3–6). Thus, when comparing the ﬁdelity
on the undamaged template to the CPD-containing template, the
pol  F35A mutant exhibited lower dNTP selectivity for incoming
pyrimidines, but higher dNTP selectivity for incoming purines. Nev-
ertheless, as with wild-type pol , adenine is the preferred base
incorporated opposite the T-T dimer by pol  F35A.
The relaxed sugar selectivity of pol  F35A mutant also enables
the mutant polymerase to incorporate ribonucleotides during TLS
(Fig. 2B, lanes 7 and 8). Indeed, pol  F35A readily incorporated
AMP  opposite the T-T dimer and performed full lesion bypass when
given all four NTPs or ATP only (Fig. 2B, lanes 7 and 8 >+2 bands)
albeit with a reduced efﬁciency compared to TLS in the presence
of dNTPs. Overall, these data suggest that in vivo pol  F35A can
support TLS as effectively as wild-type pol . In addition, given
inated primer with dNTPs. When provided with dNTPs, both wild-type pol  (A)
ys were carried out using the Ar terminated primer and all four dNTPs for the time
K.A. Donigan et al. / DNA Re
Fig. 4. Pol  F35A has similar binding afﬁnity for DNA as the wild-type enzyme.
Mutant pol  at varying concentrations was incubated with 0.2 nM DNA for 20 min
at  30 ◦C. The fraction of bound DNA as a function of enzyme concentration was
plotted to obtain the dissociation constant KD(DNA). The KD(DNA) value for Pol  F35A
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which allow cells to grow in the presence of canavanine. Fluc-s  7 ± 1 nM is similar to the reported value for the wild-type enzyme determined by
MSA (16 ± 1 nM)  [39].
he higher intracellular concentrations of NTPs compared to dNTPs
n vivo it is likely that the pol  F35A enzyme will also incorporate
igniﬁcant levels of ribonucleotides during TLS of CPDs.
.3. Wild-type pol  and pol  F35A can extend a
ibonucleotide-terminated primer with dNTPs
As shown above (Fig. 1), even though the pol  F35A steric gate
utant readily incorporates ribonucleotides, further primer elon-
ation is largely inhibited. Since both dNTPs and NTPs are available
o the enzyme in vivo, we determined the capacity of both wild-
ype pol  and pol  F35A to extend a primer with a correctly
ase-paired terminal ribonucleotide (AMP) when provided with
NTPs. Reactions were performed with all four dNTPs under the
ame conditions as described above over a 16-min time course.
ild-type pol  efﬁciently extended the AMP-terminated primer,
orming nearly the entire full-length product within 30 s (Fig. 3).
ol  F35A was also able to extend a ribonucleotide-terminated
rimer in the presence of dNTPs, but again with reduced processiv-
ty compared to wild-type pol . While nearly all of the primer was
tilized by pol  F35A after just 30 s incubation, full-length elon-
ation products were not observed even when the last time point
as taken at 16 min.
.4. The pol  F35A substitution does not impact DNA binding
fﬁnity in vitro
To assess the impact of the F35A substitution on the enzyme’s
NA binding afﬁnity, we used a gel mobility shift assay to deter-
ine the DNA binding constant for the mutant enzyme (Fig. 4). We
bserved a KD(DNA) of 7 ± 1 nM for pol  F35A, which is close to the
reviously reported KD(DNA) value of 16 ± 1 nM for wild-type pol 
39]. Therefore, we conclude that pol  F35A binds DNA with simi-
ar afﬁnity as wild-type pol . These results suggest that the altered
ncorporation pattern of pol  F35A does not result from aberrant
NA binding.pair 35 (2015) 1–12 7
3.5. Expression of pol  F35A sensitizes cells to UV radiation and
the extreme UV- sensitivity is rescued by an RER deﬁciency
As we observed NMP  incorporation by pol  F35A during TLS
of a T-T dimer in vitro, we  sought to evaluate the effects of pol 
F35A involvement in DNA transactions in vivo. To do so, we  utilized
a strain background in which nucleotide excision repair (NER) is
impaired due to the deletion of the RAD1 endonuclease gene and
pol -dependent TLS is compromised by the deletion of the cat-
alytic subunit encoded by REV3. The chance of pol  being utilized
improves by the disabling of NER, which signiﬁcantly increases the
number of persisting UV- photoproducts in the chromosome after
exposure to UV-light and by elimination of a major competitor
TLS polymerase, pol . The rad1 rev3 strain background should
therefore maximize any effect of pol , since it is the only DNA  poly-
merase capable of efﬁcient TLS of UV-photoproducts in this strain
background.
Starting from the rad1 rev3 background, we constructed a
strain that also carried an rnh201 allele and is therefore impaired
for RER [26,40]. In the absence of UV irradiation, all strains exhibited
similar growth patterns and were equally viable (Fig. 5, top panel).
When irradiated with only 1 J/m2 UV, the rad1 rev3 strain exhib-
ited moderate UV-sensitivity, with viability in the range of 10% of
the unirradiated strain (Fig. 5A). In the RAD30 background, an RER
deﬁciency conferred by rnh201 had no obvious effect on UV sen-
sitivity. As expected, given the ability of wild-type pol  to bypass
CPDs, the rad30 strain lacking pol  was  over 100-fold more UV-
sensitive than the isogenic RAD30+ strain and again, rnh201 had
no obvious effect on UV sensitivity. Unexpectedly, the rad1 rev3
rad30-F35A strain expressing TLS-competent pol -F35A was sig-
niﬁcantly more UV sensitive than the strain carrying wild-type pol
. In fact, this strain was  roughly as sensitive as the strain lacking
pol . Remarkably, deletion of the RNH201 gene improved the UV
survival of the rad1 rev3 rad30-F35A strain by ∼50-fold, making
it nearly as UV-resistant as the rad1 rev3 strain expressing wild-
type pol  (Fig. 5A). These observations imply that the extreme
UV sensitivity of the rad1 rev3 rad30-F35A strain is not due to
an inability to perform TLS per se,  but rather it is caused by the
increased number of nicks left after RNase H2- initiated processing
of ribonucleotide(s) incorporated by pol  F35A. Wild-type RNase
H2 can recognize both single embedded ribonucleotides and polyri-
bonucleotide tracks. To determine which activity gives rise to the
observed UV sensitivity, we replaced the rnh201 allele with the
rnh201-P45D-Y219A allele (producing an enzyme unable to excise
single isolated NMPs, but retaining its ability to hydrolyze regions
containing a stretch of several ribonucleotides) [48]. Interestingly,
this strain exhibited intermediate UV sensitivity compared to the
wild-type RNase H2 strain and the rnh201 strain (Fig. 5B). Thus,
RNase H2- dependent nicking at both single ribonucleotides and at
polyribonucleotide tracts, contributes to the extreme UV sensitivity
of the rad1 rev3 rad30-F35A strain.
3.6. Expression of pol  F35A results in increased spontaneous
mutagenesis in the absence of RNH201-mediated ribonucleotide
excision repair
Given the dramatic effect a deﬁciency in RER had on the UV-
dependent survival of strains expressing pol  F35A, we were
interested in analysing the extent of mutagenesis in the RNH201
and rnh201 strains during normal growth and after exposure to
UV-light. To do so, we ﬁrst measured the spontaneous mutation
rate in the CAN1 gene, encoding an arginine permease, defects intuation analysis revealed that the mutation rate did not change
signiﬁcantly upon substitution of wild-type pol  with rad30-F35A.
However, when the F35A substitution in pol  was combined with
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Fig. 5. Cells expressing pol  F35A are more sensitive to UV radiation, but this effect is reduced when ribonucleotide repair is impaired by removal of rnh201. Log phase
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Oultures were serially diluted and spotted in parallel on two  separate YPD agar plate
nder subdued lighting to avoid any unwanted photoreactivation. Plates were incu
n  the left hand side of the image.
he RNase H2 deletion, the mutation rate increased roughly seven-
old (Table 3 and Fig. 6A).
Analysis of the spectra of spontaneous CAN1 mutations in RAD30
nd rad30 strains revealed that overall they are very similar
nd both are dominated by base-pair substitution events (Table 3,
ig. 6B and Supplementary Figs. 1 and 2). Moreover, the pattern
f mutations remained roughly the same, even in the strain har-
ouring the pol  F35A variant, implying that spontaneous CAN1
utations arising in the rad1 rev3 strains are not pol -speciﬁc.
As expected, disruption of RNase H2 activity, in both RAD30
nd rad30 strains led to an increase in the overall mutation rate
nd particularly in 2–5 bp deletion events that are characteristic of
op1-dependent mutagenic processing of single isolated ribonu-
leotides [26,41]. Surprisingly, not only was the increase in the
verall mutation rate caused by deletion of rnh201 substantially
igher in the strain expressing pol  F35A, but also a very differ-
nt pattern of mutations emerged in these cells, as the spectra was
ominated by a speciﬁc 1 bp deletion event that was  conﬁned to
 polymeric run of 6 T’s (620–625 bp of the CAN1 sequence). Note
hat the overall rate of 1 bp substitutions and 2–5 bp deletions are
imilar in RAD30,  rad30 and rad30-F35A strains together with
nh201 (Table 3, Fig. 6B), but there is a ∼16–24 fold increase in
he rate of 1 bp deletions when comparing RAD30 rnh201 and
ad30 rnh201 to the rad30-F35A rnh201 strain (Table 3 and
able 3
bserved CAN1 mutants and estimated mutation rates.
Strain Overall mutation rate (10−7)a
rad1 rev3 (n = 124) 8.4 (11–6)b
rad1  rev3 rnh201 (n = 105) 27.9 (34–21) 
rad1  rev3 rad30 (n = 117) 7.3 (9–5) 
rad1  rev3 rad30 rnh201 (n = 111) 17.2 (21–13) 
rad1  rev3 rad30-F35A (n = 105) 10.9 (13–8) 
rad1  rev3 rad30-F35A rnh201 (n = 109) 70.4 (77–64) 
rad1  rev3 rad30-F35A rnh201-P45D-Y219A (n = 114) 14.4 (17–11) 
a Mutation rates are reported as the average of at least three independent experiments
b Numbers in parentheses 95% conﬁdence levels.top plate was unirradiated, while the bottom plate was treated with 1 J/m2 UV-light
at 30 ◦C for two  days before imaging. The genotype of the respective strain is given
Fig. 6B). Interestingly, such a shift in mutational speciﬁcity appears
to be exclusive to the steric gate variant of pol  since it has not
been detected in a yeast pol2-M644G rnh201 strain expressing a
pol  mutant with increased NMP  incorporation [42]. Remarkably,
replacing the rnh201 allele with the rnh201-P45D-Y219A allele,
which retains the ability to recognize and nick at polyribonucloe-
tide tracts suppressed the dramatic increase in both the overall
mutation rate and the number of 1 bp deletion events (Table 3 and
Fig. 6B). These data are consistent with the idea that pol  F35A is
not only efﬁcient at single NMP  insertion, but it also can incorpo-
rate several consecutive ribonucleotides in vivo, and therefore the
1 bp deletions observed in the rad30-F35A rnh201 spectra most
likely result from processing of a short RNA fragment synthesized
by pol  F35A. In support of this hypothesis, in vitro primer exten-
sion assays using a template with the exact sequence context as the
−1 bp deletion hot-spot reveal that pol  F35A readily incorporated
4–6 AMPs opposite the run of template Ts (Fig. 7). Presumably such
a product can be recognized by wild-type RNase H2, or the P45D-
Y219A mutant, leading to its repair in vivo but in rnh201 cells
this pathway is eliminated and leads to a signiﬁcant increase in
mutagenesis manifested as a single base deletion.Analysis of the spectra of mutations in the rad1 rev3 rad30-
F35A rnh201 strain exposed to 1 J/m2 UV-light revealed that it was
virtually indistinguishable from that observed in the unirradiated
1 bp sub 1 bp del 1 bp ins 2–5 bp del 2-5bp ins Large del Large ins Complex
6.8 0.5 0.5 0.4 0 0 0.1 0.1
9.3 2.9 3.4 8.5 0.2 0.2 0 3
5.4 1.0 0.2 0.3 0.1 0.2 0.1 0
7.4 1.9 1.1 6.7 0 0 0.2 0
9.3 0.4 0 0.2 0 0.3 0.2 0.2
12.8 48 5.8 3.8 0 0 0 0
5.5 1.5 0.6 6.2 0 0.1 0.2 0.1
.
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Fig. 6. Effect of pol  F35A on the mutation rate and spectra of CAN1 mutations in various S. cerevisiae strains. (A) Mutation rate of rad1 rev3 strains expressing wild-
type  pol  (RAD30), lacking pol  (rad30), or, expressing pol -F35A (rad30-F35A). With respect to RNase H2  activity, the strains are wild-type (w), deleted for RNase
H2  (rnh201), or expressing the mutant RNase H2 protein (P45D-Y219A) that is active at sites of polyribonucleotide incorporation, but inactive at single ribonucleotides
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eft  hand side of the panel. (For interpretation of the references to color in this ﬁgur
ata taken from Table 3.
train and was dominated by the 1 bp deletion hotspot (data not
hown). This suggests that the pol  F35A mutant bypasses T-T
yclobutane pyrimidine dimers relatively accurately, at least with
egard to base-selection ﬁdelity, which is in good agreement with
ur in vitro studies, where the correct base, A, was the preferred
ncorporation opposite the T-T dimer (Fig. 2B).
. Discussion
Misincorporation of ribonucleotides into DNA has serious impli-
ations for the maintenance of genomic integrity. Ribonucleotides
re inherently unstable, as they are susceptible to spontaneous
ydrolysis and render the DNA backbone prone to single strand
reaks which, if encountered by the replication fork machinery,
ay  lead to double strand breaks and genomic instability [42].
dditionally, the 2′ hydroxyl group on the ribose of NMPs can
enerate DNA distortion, which may  impact the efﬁciency of repli-
ig. 7. Pol  F35A incorporates AMPs opposite run of six Ts. (A) Sequence context surroun
ev3  rad30-F35A rnh201 strain (B) Time-course of rAMP incorporation using oligonu
efore  the run of six Ts. The sequence of DNA template is indicated above the gel.. The types of mutations recovered are color-coded and speciﬁed in the box on the
nd, the reader is referred to the web  version of this article.)
cation and transcription. Indeed, NMPs present in DNA have been
shown to impede DNA synthesis by replicative polymerases in S.
cerevisiae and humans [43,44].
To remove incorporated NMPs, cells may  utilize the ribonu-
cleotide excision repair (RER) pathway, which typically involves
nicking the DNA backbone by RNase H enzymes at the site of NMP
incorporation [21]. The cell’s ability to remove NMPs from DNA is
critical, as hypomorphic mutations in RNase H2 have been linked
to the human neuroinﬂammatory disorder Aicardi–Goutières syn-
drome [45]. Furthermore, RNase H2 knockout and hypomorphic
mouse embryos exhibit extremely high levels of ribonucleotides
in genomic DNA [24,25]. For example over a million NMPs were
found in the genomic DNA of RNase H2 knockout mouse embryonic
ﬁbroblast, indicating that NMPs are the most common endoge-
nous lesion in the mouse genome [24]. Furthermore, it has been
suggested that increased number of persistent ribonucleotides
ding 1 bp deletion hot spot (indicated by )  spontaneously generated in the rad1
cleotide templates in which the 3’ terminus of the primer is located immediately
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cattered throughout genomic DNA is a main cause of early embry-
nic lethality in RNase H2 knockout and hypomorphic mice.
The mechanisms underlying incorporation, excision, and cel-
ular tolerance of NMPs in genomic DNA comprise an area of
xpanding investigation. In this study, we determined the ability
f wild-type pol  and the steric gate mutant F35A to use NTPs
or polymerization in vitro and investigated the biological conse-
uences of increased ribonucleotide incorporation by the F35A pol
 mutant in undamaged cells and after UV-irradiation. We  found
hat wild-type pol  does not readily incorporate ribonucleotides
n damaged or undamaged DNA, which was unexpected given that
e had previously observed substantial NMP  incorporation by TLS
olymerases E. coli pol V and human pol  [29,30]. In contrast, the
teric gate variant of pol  in which Phe35 is substituted with
lanine readily incorporated ribonucleotides opposite undamaged
NA, if the canonical Watson–Crick base pairing was preserved.
nterestingly, extension of an incorporated NMP  was only observed
n the template T substrate, where pol  F35A incorporates AMP
Fig. 1). This extension terminates after the dinucleotide run of T’s
nds, as little additional product is observed even in the presence
f all four NTPs. When a DNA with a longer run of consecutive
s was used as a template, pol  F35A was able to incorporate as
any as six AMPs (Fig. 7) although elongation of primers with three
erminal AMPs was signiﬁcantly inhibited. These results indicate
hat F35A’s capacity to generate short RNA fragments is sequence
ontext-dependent, with runs of T’s being more susceptible to serve
s a template for multiple sequential ribonucleotide incorpora-
ions. Compared to wild-type pol , pol  F35A is also characterized
y improved base discrimination when incorporating dNMPs on
ndamaged DNA. These results are strikingly similar to our obser-
ations with the pol  steric gate mutant Y39A [29]. Both wild-type
ols  and  exhibit relatively poor base selectivity when replicat-
ng undamaged DNA using dNTPs, and removal of the steric gate
n these enzymes improves base substitution ﬁdelity at the cost of
educing sugar selectivity.
Given the reduced sugar selectivity of the pol  F35A in primer
xtension assays in vitro, we were interested in determining if this
ight lead to a noticeable phenotypic change in vivo. In our ear-
ier studies in E. coli with a pol V steric gate mutant, we discovered
hat access of pol V to both undamaged and damaged DNA can
e impeded by a physical competition between the cell’s various
LS polymerases [46] and that in addition to CPDs, ribonucleotides
mbedded in DNA are substrates of the Nucleotide Excision Repair
NER) machinery [47]. For our current S. cerevisiae studies, we
herefore used rad1 rev3 strains lacking the NER protein, Rad1
nd the competitor TLS polymerase, pol . This strain background
ot only facilitates pol  F35A’s access to undamaged genomic DNA,
ut also allows for the accumulation of a signiﬁcant number of
ersistent DNA lesions which requires pol -dependent TLS.
We compared the UV sensitivity of isogenic RNH201 and
nh201 derivatives expressing wild-type pol  (rad1 rev3
AD30), lacking pol  (rad1 rev3 rad30),  or expressing the
ol F35A mutant (rad1 rev3 rad30-F35A). All strains are equally
iable in the absence of UV radiation, but interestingly, exhibit vari-
ble UV-sensitivity when exposed to a low dose of UV radiation. The
ad1 rev3 RAD30 strain is the least sensitive strain and impair-
ent of RER by the rnh201 mutation has no obvious effect on UV
ensitivity. This is in agreement with our observation that wild-type
ol  does not incorporate ribonucleotides into DNA at signiﬁcant
evels. As expected for cells lacking the major TLS polymerase, pol ,
V-sensitivity increased in the rad30  strain, and as observed with
he RAD30 strain, this was  unaffected by the presence or absence
f RNH201. Interestingly, the rad1 rev3 rad30-F35A strain was
early as UV-sensitive as the isogenic rad30.  This was surpris-
ng since puriﬁed pol  F35A is as TLS-competent as the wild-type
nzyme. Since pol  F35A can incorporate AMPs during bypass of apair 35 (2015) 1–12
T-T dimer in vitro, we  assumed that the basis for the UV-sensitivity
of these cells is due to the frequent ribonucleotide incorporation
catalysed by the mutant polymerase during TLS of UV photoprod-
ucts. Indeed, the sensitivity of the rad1 rev3 rad30-F35A strain
was rescued by impairing RER through deletion of the rnh201
gene. As a result, rad30-F35A cells completely lacking RNase H2 are
almost as UV-resistant as cells expressing wild type pol . It is logi-
cal to connect the changes in the UV-sensitivity of the rad1 rev3
rad30-F35A with the signiﬁcant incorporation of ribonucleotides by
pol  F35A during TLS of persisting UV-photoproducts. When RNase
H2 is intact, it initiates RER and creates numerous nicks at sites of
ribonucleotide incorporation. A dramatic increase in the number of
nicks in double-stranded DNA can overwhelm the repair machin-
ery which may  not be able to efﬁciently process all of them, leaving
many single strand breaks (SSBs) in DNA. This, in turn, may lead
to replication fork collapse, and ultimately cell death, as a result
of double-strand breaks (DSBs) produced by the unresolved SSBs.
In the absence of RNase H2, RER is inactivated and nicking of the
UV-irradiated chromosome is signiﬁcantly reduced, thereby leav-
ing chromosomes intact and improving survival, but at the price of
high ribonucleotide content in chromosomal DNA with potentially
mutagenic consequences.
To further examine the mutagenic effects of pol  F35A expres-
sion in vivo, we analysed spontaneous mutation rates and mutation
types using the CAN1 forward mutation assay (Table 3 and Fig. 6,
Supplementary Figs. 1 and 2, and Supplementary Table 2). This
assay allows one to detect a wide variety of mutation types that
inactivate the CAN1 gene, and has recently been used to study
both RNase H2 and Top1-mediated mechanisms of RER [26,41,48].
The parental rad1 rev3 strain exhibited a relatively low overall
mutation rate, driven primarily by single base pair substitutions,
which is consistent with earlier studies on rad1 rev3 strains
[49,50]. The overall mutation rate in the rad1 rev3 rnh201
strain is increased by approximately 3-fold. Consistent with the
previously published mutation spectra, the major change caused
by the RNase H2 defect is manifested by a 20-fold increase in 2–5
base pair deletions that is attributed to alternate Top1-catalysed
processing of single NMPs in DNA [41,48]. The absence of wild-
type pol  in the rad1 rev3 rad30  strain does not lead to
any appreciable changes in mutation rate or type compared to the
rad1 rev3 strain. Furthermore, deletion of wild-type pol  had
no impact on the mutagenesis associated with an RNase H2 deﬁ-
ciency, as the overall mutation rates and types found in the rad1
rev3 rnh201 and rad1 rev3 rad30 rnh201 strains are sim-
ilar. These pol –independent mutations are therefore most likely
generated by the cell’s replicases, pol  and pol . In contrast, pol 
F35A expression has notable effects on mutagenesis in the absence
of RNase H2, as we observed a ∼4-fold increase compared to the
rad1 rev3 rad30 rnh201 strain. We  reason that the enhanced
mutability of rad30-F35A rnh201 strain is related to the substan-
tially increased accumulation of ribonucleotides incorporated by
pol  F35A. In addition to increasing the overall mutation rate,
expression of pol  F35A led to the generation of a strikingly dif-
ferent type of mutation—one base pair deletions. This represents a
major shift from the 2–5 base pair deletions observed in the rad1
rev3 rnh201 strain, which are attributed to Top1-dependent
pathway activated in the absence of RNase H2 [26,41]. To uncover
the mechanism responsible for these changes, we replaced RNase
H2 with the rnh201-P45D-Y219A mutant. This mutant is deﬁ-
cient in the cleavage of single ribonucleotides, but retains the
ability to recognise and process polyribonucleotide tracts [48]. In
contrast to the rnh201 strain, expression of pol  F35A in the
rnh201-P45D/Y219A background had little effect on the overall rate
of mutagenesis. Similar to various other strains deﬁcient in sin-
gle ribonucleotide cleavage activity of RNase H2, the rate of the
2–5 base pair deletions increased signiﬁcantly in the rad30- F35A
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nh201-P45D-Y219A strain clearly indicating that repair of single
MPs in this strain is being shunted to the alternate Top1 pathway.
emarkably, the 1 bp deletion mutations in pol  F35A-expressing
train caused by rnh201 deletion were completely suppressed by
ntroducing the rnh201-P45D-Y219A allele. These data imply that
n addition to the insertion of single NMPs, in a speciﬁc sequence
ontext, pol  F35A catalyses incorporation of several consecutive
ibonucleotides. In the rad30-F35A rnh201-P45D-Y219A strain, exci-
ion of single NMPs is impaired while NMP  stretches are accurately
eplaced by RNase H2-P45D-Y291A-dependent repair. In contrast,
hen the rnh201 gene is deleted, repair of ribonucleotide stretches
ncorporated by the steric gate pol  mutant is also disabled. It
hould be noted that the rad30- F35A rnh201 strain expresses
ntact RNase H1, which is known to efﬁciently process RNA tracks
n DNA, when at least four consecutive ribonucleotides are present
n the DNA strand. The fact that the 1 bp deletion mutations are
ot supressed by RNase H1 therefore suggests that majority of RNA
tretches synthesized by pol  F35A contain less than 4 sequen-
ial rNMPs. In addition, RNase H1 lacks a PCNA binding motif and
ost likely has no access to replication and repair processes and
s therefore unable to process any of the ≥+4 ribonucleotide tracks
enerated by pol  F35A.
The CAN1 coding sequence is 1773 bp, yet the vast majority
f 1 bp deletions in the rad1 rev3 rad30-F35A rnh201 strain
ccurred at a single run of 6 T’s between 620 and 625 bp of CAN1
Supplementary Fig. 2). However, analysis of the CAN1 gene reveals
wo other regions within the gene with a run of 6Ts (1381–1381 bp
n the coding strand and 964–969 bp in the non-coding strand),
et we did not observe any 1 bp deletions at these positions. What
akes the 620–625 bp region of CAN1 so susceptible to the pol 
35A-dependent 1 bp deletion events? Interestingly, analysis of the
AN1 coding sequence reveals that the DNA region surrounding the
s at positions 620–625 is characterized by an increased A-T con-
ent compared to average genome-wide levels. For example, the
–T content in the 40 bp region surrounding the deletion hotspot
613–653 bp of CAN1), is 78% A–T rich, compared to the other two
uns of Ts, in which the local sequence context (1371-1414 bp and
36–976 bp of CAN1) are 62% and 59% A–T rich respectively, which
s close to the average values of the A–T content in S. cerevisiae
enome (62% A–T). Notably, previous studies have shown that A–T
ich regions are able to form secondary structures which perturb
eplication fork progression in vitro and in vivo [51]. Such regions
ave been found in common fragile sites (CFS), which are especially
rone to breakage and are linked to chromosome instability. Recent
tudies have revealed that pol  plays a critical role in the mainte-
ance of CFS integrity [17,52]. We  therefore hypothesize that the
ery high A–T content in the CAN1 region upstream of the 1 bp dele-
ion hot-spot slows down replication fork progression that allows
or a polymerase switch between the replicase and pol  (similar to
hat occurring on damaged DNA). When pol  F35A, which is char-
cterized by reduced sugar selectivity, gains access to undamaged
enomic DNA, it incorporates multiple AMPs, and the subsequent
rocessing leads to the 1 bp deletion hot-spot.
The single base pair deletion phenotype observed in the forward
utation assay might result from replicative polymerase slippage
uring the following round of genome duplication and NMP  bypass
f RpR fragments remain unrepaired. Alternatively, the 1 bp dele-
ion mutation signature in the spectra of rad1 rev3 rad30-F35A
nh201 strain could reﬂect activation of a novel error-prone RER
athway that processes short polymeric runs of NMPs embedded
n genomic DNA. Alternate processing of single NMPs by Top1
as been shown to predominantly generate 2–5 base pair dele-
ions [41], therefore, the single base pair deletions are unlikely to
e attributable to Top1 activity. Given that our previous work in
. coli revealed an unexpected role for nucleotide excision repair
n RER [47], the potential involvement of novel DNA repair path-
[pair 35 (2015) 1–12 11
ways that target polymeric runs of ribonucleotides, rather than
mono-ribonucleotides, warrants further investigation.
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